Determination of the fermion pair size in a resonantly interacting superfluid 
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Fermionic superfluidity requires the formation of pairs. The actual size of these fermion pairs varies 
by orders of magnitude from the femtometer scale in neutron stars and nuclei to the micrometer 
range in conventional superconductors. Many properties of the superfluid depend on the 
relative to the interparticle spacing. This is expressed in BCS-BEC crossover theories 
describing the crossover from a Bardeen-Cooper-Schrieffer (BCS) type superfluid of loosely bound 
and large Cooper pairs to Bose-Einstein condensation (BEC) of tightly bound molecules. Such a 
crossover superfluid has been realized in ultracold atomic gases where high temperature superfluidity 
has been observed @, 0|. The microscopic properties of the fermion pairs can be probed with radio- 
frequency (rf) spectroscopy. Previous work [H, 0, H| was difficult to interpret due to strong and 
not well understood final state interactions. Here we realize a new superfluid spin mixture where 
such interactions have negligible influence and present fermion-pair dissociation spectra that reveal 
the underlying pairing correlations. This allows us to determine the spectroscopic pair size in the 
resonantly interacting gas to be 2.6(2)/kp (kF is the Fermi wave number). The fermions pairs 
are therefore smaller than the interparticle spacing and the smallest pairs observed in fermionic 
superfluids. This finding highlights the importance of small fermion pairs for superfluidity at high 
critical temperatures We have also identified transitions from fermion pairs into bound molecular 
states and into many-body bound states in the case of strong final state interactions. 



The properties of pairs are revealed in a dissociation 
spectrum, where pair dissociation is monitored as a func- 
tion of the applied energy E. The spectrum has a sharp 
onset at the pair's binding energy Eb, where the frag- 
ments have zero kinetic energy, and then spreads out to 
higher energy. Since a rf photon has negligible momen- 
tum, the allowed momenta for the fragments reflect the 
Fourier transform $(fc) of the pair wavefunction <p(r), 
which has a width on the order of l/£ where £ is the 
pair size. Thus the pair size can be estimated from the 
spectral line width E w as £ 2 ~ h /mE w (m is the mass 
of the particles and H is Planck's constant h divided by 
2vr). 

The conceptually simplest pairs in the BCS-BEC 
crossover are the weakly bound molecules in the BEC 
limit, which are described by a spatial wavefunc- 
tion 4> m (r) oc e~ r l h jr with a binding energy E\, = 
h 2 /mb 2 . When the molecules are dissociated into non- 
interacting free particles, the spectral response is /,„ oc 
\JE — Eh I 'E 2 , showing a highly asymmetric line shape 
with a steep rise at the molecular binding e nerg y Eb and 
a long "tail" to higher energies (Fig. Q}t) 0, fiof . 

This general behavior of the dissociation spectrum 
holds also in the BCS limit where pairing is a many-body 
effect [ll[ . The rf dissociation process discussed below, 
in the limit of negligible final state interactions, can be 
considered as breaking a Cooper pair into one quasipar- 
ticle and one free particle. The rf spectrum in the BCS 
limit has an onset at A 2 /2Ep and the same dependence 
of E^l 2 at high energy as in the BEC limit (Fig, fflj; here 
Ef is the Fermi energy and A is the gap) [l2| . Since the 
rf excitation takes place throughout the whole Fermi sea 
it is most natural to interpret the BCS state as N/2 pairs 



with condensation energy A 2 /2Ep where N is the total 
number of fermions 

A spectroscopic pair size can be defined both from 
the onset and the width of the rf spectrum as £f h = 
H 2 /2mE t h and £ 2 = 7 x h 2 /2mE w . Here E t h is the 
onset/threshold energy, E w is the full width at half max- 
imum, and 7 = 1.89 is a numerical constant chosen for 
convenience (see caption of Fig. Q}. The pair sizes £th 
and £ w which can be directly obtained from the rf spec- 
trum capture the evolution of the pair size from the BCS 
limit to the BEC limit (sec Fig. QJi). 

Since the rf spectra show a similar behavior in both 
limiting cases of the BEC-BCS crossover, one would ex- 
pect comparable spectra within the crossover regime. 
Surprisingly, the rf spectra obtained in previous rf ex- 
periments did not fit into this picture: the lineshapc did 
not show any pronounced asymmetry and the linewidth 
was narrow HI (see also Fig. [7j) . These experiments 
could therefore not be simply interpreted in terms of pair- 
ing energy and pair size. We will show that this is caused 
by strong final state interactions and transitions to bound 
states. 

In the previous and our new experiments, the fermion 
pairs consist of two atoms in different hyperfine states 
I a) and \b). The rf transfers atoms in state \b) to an ini- 
tially unoccupied third state |c). In addition to "pair dis- 
sociation", also referred to as a "bound- free" transition 
and characterized by the asymmetric lineshapc discussed 
above, rf spectroscopy can induce a second kind of tran- 
sition to another bound state, i.e. the transfer of a pair 
(a,b) to a pair (a,c) (also referred to as a "bound-bound" 
transition). The latter spectra have a narrow and sym- 
metric lineshapc. 
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FIG. 1: Line shape of the pair dissociation spectrum in the 
BEC (a) and BCS limit (b) and the evolution of the fermion 
pair size in the BEC-BCS crossover || [ll], (2[| . (a) and 

(b) : Simulated rf dissociation spectra in the BEC and BCS 
limits. The momentum k of the free particles after disso- 
ciation is indicated in the top axes, where h 2 k 2 /m — Et- 
Apart from an offset, the spectra in the BEC and BCS lim- 
its show almost indistinguishable lineshapes. The molecular 
dissociation lineshape I m with an additional offset parameter 
can therefore serve as a generic, model independent fit func- 
tion for pair dissociation spectra (see Methods and Fig. |SJ. 

(c) The fermion pair sizes £ m (solid blue) and £th (dashed 
red) are displayed as a function of the interaction parame- 
ter \/kF<i {a is the s-wave scattering length). Also shown is 
the two-particle correlation length (, pa ir (dotted black) given 
byU = v#lll- where </>(r) = <V|*2,(r)tf£ (Q)\f/>). 
Here if) is the generalized BCS wavefunction and a and f3 refer 
to the two components [jj. In the BEC limit, the value for the 
molecular size is £ m = 6/y2 = ^ pa ir- We chose 7 = 1.89 in 
the definition of £ w , so that £ m = £y, = £ w . In the BCS limit, 
£pair = t/(2\/2)£ c where £ c = h 2 kF /(irmA) is the Pippard 
coherence length and we have £ t h = 2£ pa ; r , £ TO = 2.44£ pa i r . 
The inset shows the ratios £ w /£ pa ir (solid blue) and £th/£ pa ir 
(dashed red). Although £ pa ir changes by orders of magnitude, 
£th and fu, show the same behavior as £ pa ir deviating from 
each other by not more than 22 %. This illustrates that the 
pair size can be reliably determined from the rf dissociation 
spectrum throughout the whole BEC-BCS crossover. 
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Final state effects arise when the dissociated atom in 
state \c) interacts with atoms in state \a). The interac- 
tion strength is measured by the dimensionless param- 
eter kpa. Here a is the s-wave scattering length and 
we use a,i (a/) for the initial (a,b) (final (a,c)) inter- 
actions. As discussed in detail below, final state inter- 
actions severely affect the rf dissociation spectra when 
|fejro/| > 1 HI, HI, IH- To overcome this problem, one 
has to change the interactions in the final state without 
changing those in the initial one. Our solution is the real- 
ization of a new high temperature supcrfluid in 6 Li using 
a different combination of hyperfine states for which rf 
excitation with reduced final state interactions is possi- 
ble (see Methods). As a result, we were able to resolve 
the bound-bound and bound-free contributions to the rf 
spectrum, and to determine the size of fermion pairs from 
the asymmetric fermion pair dissociation spectra. 

We have taken advantage of the fact that any two state 
mixture (1,2), (1,3), and (2,3) of the three lowest hyper- 
fine states of 6 Li (labeled in the order of increasing hyper- 
1), 1 2) and |3)) exhibits a broad Feshbach 
17| . So far, all experiments with strongly 
interacting fermions in 6 Li have been carried out in the 
vicinity of the (1,2) Feshbach resonance located at about 
B12 ~ 834 G. Surprisingly, inelastic collisions including 
allowed dipolar relaxation are not enhanced by the (1,3) 
and (2,3) Feshbach resonances. We observe that at both 
the (1,3) and (2,3) Feshbach resonances superfluids can 
be created as well (see Methods). This doubles the num- 
ber of high temperature superfluids available for experi- 
mental studies. 

The newly created (1,3) superfluid is the best choice for 
rf spectroscopy experiments since the final state scatter- 
ing length a/ at the (1,3) resonance position ~ 691 
G is small and positive (0 < kpcif < 1 for typical values 
of hp). Therefore the accessible final states are either 
a molecule of a well defined binding energy or two free, 
only weakly interacting atoms. The actual final state in- 
teractions depend on whether one drives the rf transitions 
from |1) to 1 2) or from |3) to |2) allowing the comparison 
between spectra taken from the same sample but with dif- 
ferent a f (see Methods and Supplementary Information) . 
After preparing the (1,3) supcrfluid a rf pulse resonant 
with the 1 3) to |2) transition is applied. Then cither 
the losses in state |3) or the atoms transferred to state 
1 2) are monitored (see Methods). All spectra are plotted 
versus frequency or energy relative to the atomic reso- 
nance, i.e. relative to the energy Eq required to transfer 
an atom from |3) to |2) in the absence of atoms in state 
|1>- 

The main result of this paper are the spectra observed 
in the (1,3) BEC-BCS crossover between 670 and 710 
G (Fig. [2|). The spectra have the asymmetric lineshape 
characteristic for pair dissociation and are indeed well fit 
by a generic pair dissociation lineshape convolved with 
the lineshape of the square excitation pulse (see Fig. Q] 
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FIG. 2: Rf dissociation spectra in the BEC-BCS crossover. Below, at, and above resonance, the spectrum shows the typical 
asymmetric lineshape of a pair dissociation spectrum. The signal is proportional to the three dimensional local response at 
the center of the cloud (see Methods). Since state |3) has a higher energy than state \2) (see the schematic inset in (a)), the 
dissociation energy is always less than the transition frequency for the atomic resonance Eo/h and therefore the dissociation 
spectra appear at negative energies compared to Eo- The inverted frequency axis ensures that the dissociation spectrum is 
always on the right (or "positive") side of the origin. The magnetic field (in G), the local Fermi energy 6f (in kHz), the 
temperature T in units of the Fermi temperature T/Tf and the interaction strength 1/kFO.i are (a), 670, h x 24, ss 0.2, 0.4; 
(b), 691, h x 21, 0.1, ~ 0; (c), 710, h x 20, 0.1, -0.3. 



and Methods). If the frequency axis is scaled by E w 
and the spectra are shifted to show the same onset all 
three spectra overlap as shown in Fig. [3^,. At the level 
of our experimental resolution the dissociation lineshape 
is therefore not sensitive to a change in interactions. As 
illustrated in Fig. [TJ the pair size can in principle be 
obtained from both E t h and E w . However, since the 
whole spectrum may be subject to shifts from Hartree 
terms EH , we focus in the following only on the width 
of the spectrum. 

At unitarity we determine the full width at half max- 
imum to be E w = 0.28(5)e,p corresponding to a spectro- 
scopic pair size of £ w = 2.6(2)//cf (here tp is the local 
Fermi energy and kp = ^2mep~/h; the quoted errors 
are purely statistical). The pairs are therefore smaller 
than the interparticle spacing I given by I = n 1 / 3 = 
(3TT 2 ) 1 / 3 /kp ~ 3.1/kp (where n the total density) and in 
units of the smallest reported so far for fermionic 

supcrfluids. In high-temperature superconductors the re- 
ported values for £ at optimal doping are in the range of 



5 to lO/fep (|. 

In the simple BEC-BCS crossover model the ratio 
£,pair/£,w varies from 1 to 1/2.4. The fact that £ tt is 
smaller than I suggests the use of the molecular ratio, 
i.e. £ = £pair = £uj = 2.6/kp. Before we compare 
with theoretical predictions we note that various defi- 
nitions of the pair size differ by factors on the order 
of unity (lij . With this in mind, we find that our ob- 
served £ is larger than a predicted pair size of about \jkp 
based on a functional integral formulation of the BEC- 
BCS crossover [jol ]. Small fermion pair sizes have been 
explicitly linked to high critical temperatures via the re- 
lation T c /Tp ss 0.4/ (kp^pair) which applies for weak cou- 
pling d . Inserting the observed £ this relation yields an 
estimate of T c /Tp w 0.15 which is in the range of the pre- 
dicted values between 0.15 to 0.23 (here Tp is the local 
Fermi temperature) [2l[. If we use the asymptotic BCS 
relation A = !LkE. _L — 4stt-t — e F, valid at weak cou- 

7T7TI i; c v2 ™F Spair 

pling, and our observed £ at unitarity we find A w O.Sep 
smaller than the value of 0.5ep predicted by Monte Carlo 
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FIG. 3: Comparison of lineshapes and density effects, (a) 
Same spectra as in Fig. [2] but with the frequency axis scaled 
by E w and shifted so that the spectral onsets overlap with 
the BEC side spectrum: BEC side (black circles), resonance 
(red triangles), and BCS side (blue squares), (b) Density 
effects at unitarity for the (1,3) mixture at 691 G. The figure 
shows the tomographically reconstructed spectral response in 
the center (open circles, same spectrum as in Fig. [2p) as well 
as the lower density wings (filled triangles) of the cloud. In 
this regime the cloud might have turned normal. 



simulations [221 ] . 

The strong narrowing of the spectral line in Fig. [5] 
(a) to (c) demonstrates that the fermion pair size in- 
creases from strong to weak coupling. The decreasing 
width corresponds to a more than twofold increase of the 
spectroscopic pair size from £ w = 1.4(l)/fcp at 670 G 
to £, w = 3.6(3) jkp at 710 G. A change of the absolute 
pair size with density at unitarity can in principle be ob- 
served by comparing the spectral width in the center and 
the outer region of the cloud. As the density decreases, 
the spectrum shifts to lower energies (see Fig. 13b). How- 
ever, the spectral onset also becomes increasingly softer 
and the asymmetry of the pair dissociation peak less pro- 
nounced, possibly due to atomic diffusion during the ex- 
citation pulse. This prevents a reliable determination of 
the pair size in the spatial wings where the density is 
changing rapidly. 

We now consider the effect of final state interactions 
in more detail. First we would like to point out that 
the increase in a/ by about a factor of two from 670 G 
to 710 G has not affected the lineshape of the spectra in 
Fig. [3K within the experimental resolution. This suggests 
that final state effects are small for these spectra. Addi- 
tional information is obtained from the previously intro- 
duced bound-bound (BB) transitions which arc outside 
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FIG. 4: Effect of final state interactions on rf spectroscopy: 
bound-bound (BB) and bound-free (BF) spectra in the BEC- 
BCS crossover of the (1,3) mixture (only the BF spectra in 
(a-c) were tomographically reconstructed). While the initial 
(1,3) state is strongly interacting at all fields the final state in- 
teractions change from weak (a-c) to strong (d-f). See ref. [l7j | 
for a plot of the Feshbach resonances. At the higher magnetic 
fields for 1/kpcii ~ —1 the initial state may have turned nor- 
mal, (a-c), Same BF spectra and parameters as in Fig. [2] The 
relative weight of the BB and BF peaks could not be deter- 
mined experimentally (see Methods) . (d) , 750 G, Ef — h x 22 
kHz, T/T F =0.09; (e), 780 G, E F = h x 23 kHz, T/7>=0.09; 
(f), 833 G, E F = h x 20 kHz, T/T F =0.06. 
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the range plotted in Fig. [2] On the BEC side of the reso- 
nance the (1,3) molecule can be transferred also to a more 
deeply bound (1,2) molecule (see Fig. 2k). The BB peak 
is still present at unitarity and also on the BCS side at 
710 G (Fig.UjD and c) and results from the transition of a 
many-body bound fermion pair to a (1,2) molecule. The 
strong overlap of the pair wavefunction and the molecule 
in the final state is another indication for the "molecular" 
character of the fermions pairs in the strongly interacting 
regime. 

The spectra start to change significantly at higher 
fields. As the magnetic field is increased the (1,3) mixture 
remains in the unitarity limited regime with the interac- 
tion strength approaching l/|fc^aj| « 1 at Bi 2 = 833 G. 
The final state interactions, however, change from weak 
to strong causing the pair dissociation peak to decrease in 
weight and the BB peak to become dominant (Fig.[4ji-f). 
This single peak apparently corresponds to a BB transi- 
tion from many-body bound (1,3) pairs to a highly cor- 
related final state of an atom in state |2) interacting with 
the paired atoms in state |1). 

A narrow BB peak is predicted both in the molecu- 
lar (two-body) and many-body case, when initial and 
final state interactions are identical or similar. The spec- 
tra in Fig. 2] show that BB transitions dominate when 
\l/(kFO.i) — l/(fcpa/)| < 1.5. In our opinion a recent 
theoretical treatment [23| agrees qualitatively with these 
results but underestimates the region where BB transi- 
tions are dominant by about a factor of two. Our ob- 
servations allow a reinterpretation of the rf spectra ob- 
tained from the (1,2) supcrfiuid with resonant interac- 
tions 0, 0, [H (see the Supplementary Information for an 
extended discussion). The spectra have been taken in a 
regime where \l/(kpai) — l/(kpaf)\ < 1 where strong 
BB transitions are expected. Together with the very 
narrow and symmetric lineshape (see Fig. [7]), this sug- 
gests that the (1,2) to (1,3) rf spectra at 833 G are dom- 
inated by such BB transitions and cannot be simply in- 
terpreted in terms of a pair dissociation process and a 
pairing gap @, 0, 1, 0, Hi |2fj . 

In conclusion we have determined the pair size of res- 
onantly interacting fermions using new superfluid spin 
mixtures in 6 Li. The (1,3) mixture is ideally suited for 
rf spectroscopy since final state interactions do not sig- 
nificantly affect the spectra. Our measurements are the 
first to clearly reveal the microscopic structure of the 
fermion pairs in the strongly interacting regime. The 
small fermion pair size and high critical temperatures 
observed in our system show a relation similar to the 
one suggested by the Uemura plot for a wide class of 
fermionic superfluids Q. Our results also explain why 
the rapid ramp method used to observe fermion pair con- 
densation in the crossover has been successful 



bution of the pairs. 

This work opens ample opportunities for future re- 
search. The microscopic structure of the pairs can now 
be studied both in the superfluid and normal phase as 
a function of interaction strength, temperature and spin 
imbalance between the two components Q. Increased 
spectral resolution may reveal interesting deviations of 
the spectral shape from the generic lineshape discussed 
here. Furthermore, the predicted universality of a reso- 
nantly interacting Fermi mixture can now be tested in 6 Li 
for three different systems. The lifetimes of all three two- 
state combinations of the three lowest hyperfine states in 
6 Li are on the order of 10 s in the strongly interacting 
regime. The three-body decay rates, however, decrease 
by more than an order of magnitude between 690 and 
830 G for a ternary mixture, which may reflect inter- 
esting three-body physics. The lifetime of 30 ms at 691 
G might be sufficient for studies involving all three hy- 
perfine states [29j with the potential for experiments on 
pairing competition in multi-component Fermi gases and 
spinor Fermi superfluids. 

We thank M. Zwierlein, W. Zwerger, E. Mueller and 
S. Basu for stimulating discussions and A. Keshet for the 
experiment control software. This work was supported 
by the NSF and ONR, through a MURI program, and 
under ARO Award W911NF-07-1-0493 with funds from 
the DARPA OLE program. 



Methods Summary 

Creation of the (1,3) superfluid. As described pre- 
viously Q a spin polarized sample of ultracold 6 Li in 
state |1) is obtained in an an optical dipole trap after 
sympathetic cooling with 23 Na in a magnetic trap. The 
equal (1,3) mixture is prepared at 568 G, close to the zero 
crossing of 013. Here a non-adiabatic Landau-Zener rf 
sweep, creating an equal (1,2) mixture, is followed by an 
adiabatic Landau-Zener sweep that transfers the atoms 
in state |2) to state |3) . To induce strong interactions 
the magnetic field is adjusted in 100 ms to 730 G and 
then ramped to values between 660 and 833 G. After 
evaporative cooling in the optical trap, superfluidity is 
indirectly established via the observation of fermion pair 
condensates [27 , 28j . Under comparable conditions quan- 
tized vortex lattices, a direct proof for superfluidity, have 
been observed in the rotating (1,2) mixture of 6 Li 0]. 
E F = h{v'lv ax ) 1 l' i (3-/V) 1 / 3 with radial (axial) trapping 

22) Hz and k' F 



27, m 



The small pair size facilitated the efficient transfer of 
the many-body bound fermion pairs into more strongly 
bound molecules while preserving the momentum distri- 



frequencics v r = 140 {y ax = 22) Hz and k' F = \f2rnEp/h. 
The temperature was determined from the shape of the 
expanded cloud. 

Recording the (1,3) rf spectra. The rf dissociation 
spectra at 670, 691 and 710 G spectra have been obtained 
by applying a 200 fjs long rf pulse to the (1,3) mixture 
monitoring the atoms transferred into state |2). Three- 
dimensional image reconstruction via the inverse Abel 
transformation was used to obtain local rf dissociation 
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FIG. 5: Rf spectra at unitarity for the (1,3) mixture at 691 
G. For all spectra the number of atoms transferred to state 
|2) has been recorded. In the (1,3) mixture rf transitions to 
the final state |2) are possible from both states |1) and |3). 
The final states can therefore be either bound (2,3) or (1,2) 
molecules respectively or a dissociated free atom in state |2). 
Note that the bound-free (BF) spectra are very similar for 
both 1 3) to 1 2) (a) and |1) to |2) (b) transitions. The bound- 
bound (BB) spectra, however, show different shifts indicating 
that the final (2,3) molecule is more strongly bound than the 
(1,2) molecule. This is a consequence of the smaller width of 
the (2,3) Feshbach resonance at 811 G [T3| compared to the 
width of the (1,2) resonance at 834 G. (a) |3) to |2) transition; 
e F = 21 kHz, T/T F =0.1 (b) ]1) to \2) transition; e F = 22 kHz, 
r/Tp=0.14. 



spectra [8|. The pulse length was chosen to be shorter 
than 1/4 trapping period to minimize atomic diffusion 
during the excitation pulse. The rf power was adjusted 
to transfer less than 5% of the total number of atoms. A 
further reduction of the rf power only affected the signal 
to noise ratio but not the spectral width. All BB spectra 
and the spectra at fields at and above 750 G are not 
spatially resolved and were obtained with about 1 ms 
long rf pulses. 

Full methods 

Creation of new superfluid spin mixtures for rf 
spectroscopy. For the well established (1,2) mixture, 
only the |2) to |3) transition has been used for rf spec- 
troscopy. The final state s-wave scattering length a i3 at 
B12 is large and negative leading to strong final state in- 
teractions with l/kpcif < —1 (ai3 f=a —3300 ao, ao the 
Bohr radius and ay the magnetic field dependent scat- 
tering length between atoms in states \i) and \j)). The 
strength of the final state interactions can in principle 
be changed in several ways without affecting the initial 
state. The density could be lowered to reduce the inter- 
action strength in the final state while the initial state 



remains resonantly interacting. It is, however, experi- 
mentally difficult to decrease the density by a large fac- 
tor and maintain the same low temperature T/Tp. One 
might also try to spectroscopically access a different fi- 
nal state. However, in 6 Li there are no other allowed 
magnetic field insensitive transitions. Magnetic field in- 
sensitivity is necessary to obtain the required spectral 
resolution in the kHz regime. 

Since other mixtures of hyperfine states in 6 Li also ex- 
hibit broad Feshbach resonances we attempted to create 
resonantly interacting supcrfluids in new combinations of 
initial hyperfine states: (1,3) and (2,3). The lifetimes of 
these spin mixtures at resonance exceed 10 s implying in- 
elastic collision rates smaller than 10~ 14 cm~ 3 s _1 . While 
for the (2,3) superfluid the final state interactions are also 
large and negative, the final state scattering lengths at 
B13 are either 023 ~ 1140 ao and ayi ~ 1450 ao (depend- 
ing on the rf transition employed) and therefore consid- 
erably smaller and positive. 

Creation of the (2,3) superfluid. To prepare a 
(2,3) superfluid we follow essentially the same procedure 
as previously described for the (1,2) mixture [j, @. The 
only difference is that instead of applying a Landau-Zcncr 
transfer that creates an equal (1,2) mixture a complete 
transfer into state |2) is followed by a second sweep cre- 
ating an equal (2,3) mixture. The final magnetic field at 
the center of the (2,3) resonance is -B23 ~ 811 G. As in 
the other spin mixtures we observe fermion pair conden- 
sation after evaporation in the optical trap. 

Recording the (1,3) spectra: stability of the 
mixture after the rf pulse Recording the atoms trans- 
ferred to state 1 2) is advantageous because there is no 
background without rf pulse, but it requires that their 
lifetime with respect to three-body recombination is suf- 
ficiently long. 

For fields below ~ 710 G, we found that the lifetime 
of the 1 2) atoms after the rf pulse was short when they 
formed a molecule with an |1) atom as the result of a BB 
transition. Therefore, in some cases, the BB part of the 
spectra was recorded by observing atom number loss in 
the initial state. After BF (bound-free) excitation, the 
lifetime of atoms in state |2) was 30 ms (determined at 
691 G) sufficiently long to observe the atoms directly. 
As a result of the different decay times and recording 
methods the relative signal strength between the BB and 
BF parts of the spectrum could not be determined. 

At fields above ~ 750 G, we found similar and strong 
losses after both BF and BB excitations. Therefore all 
data were taken by monitoring losses in the initial state 
1 3) and the spectra reflect the relative strength between 
BB and BF transitions. 

Fitting the (1,3) spectra The fit to the (1,3) rf 
dissociation spectra in Figures [2j [3l BJa-c), El and [7| 
uses a generic, model independent pair dissociation line- 
shape based on I m with an additional parameter E g se t: 
^generic (E) (x (E - E th /(E - E oSsct ) 2 . We used this 
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FIG. 6: Generic pair dissociation lineshape. A simulated rf 
dissociation spectrum in the BCS limit (black solid line) 0| 
is fit with /generic (red dashed line) which is the molecular 
lineshape I m with an additional offset parameter -Eoffset (see 
Methods). 



lineshape convolved with the Fourier transform of the 
square pulses as a fitting function, and found good agree- 
ment with the experimentally obtained spectra shown in 
Fig.O The generic fit function contains no corrections for 
final state interactions. In the BEC limit (where ^offset = 
and E t h = E^) such corrections can be include d by 
a multiplicative factor of 1/(E + h 2 /(ma 2 ) — E t h) [301 ] . 
When applied to the dissociation spectra in the crossover 
this correction factor changes the fit only by a negligible 
amount. All BB and BF spectra in Fig.|4|d-f) have been 
fit by a Gaussian. 

(1,3) mixture: |3) to |2) vs |1) to |2) transition 
The (1,3) supcrfluid gives us the opportunity to record 
two different (magnetic field insensitive) rf spectra: from 
state 1 3) to state |2) (the transition used for all the spec- 
tra shown in the paper) and from state |1) to state |2). 
This allows us to compare rf spectra of the same system 
but for somewhat different final state interactions. The 
final state scattering lengths at -B13 are 023 « 1140 ao 
for the |1) to |2) transition and 012 ~ 1450 ao for the |3) 
to 1 2) transition. Figure [5] shows the spectra at 691 G. 
Note that the fermion pair size obtained from the spec- 
tra agrees for both rf transitions within the experimental 
uncertainty. 



Supplementary Information 

Final state interactions in the rf spectroscopy 
experiments with the (1,2) and (1,3) mixtures. 

Figure [7] shows the dramatic effect of final state inter- 
actions in the (1,2) mixture at unitarity. The narrow 
and symmetric lineshape observed in the (1,2) to (1,3) rf 
spectrum suggests that this spectral peak is dominated 
by a bound-bound (BB) transition from (1,2) pairs to a 
(1,3) correlated state. 

In the molecular case final state interactions can be 
included in an analytical model [3(|. The final states 
for dissociation are two atoms with momentum hk in an 
s-wave scattering state with scattering length a/. For 



FIG. 7: Comparison of the rf spectra of the (1,2) and (1,3) 
superffuids at unitarity, showing dramatic final state effects 
for the (1,2) mixture. Open circles: same rf dissociation data 
as in Fig. [5b. Solid diamonds: rf spectra at unitarity for the 
(1,2) mixture at 833 G from ref. @|. The frequency axis is 
normalized by the local Fermi energies. In the (1,2) mixture 
final state effects lead to a strong suppression of the asym- 
metric "tails" of the rf spectrum and a shift of the peak to 
lower energies. 



a large and positive ttj « i and an increasing a/ (0 < 
df < a% ~ 6) the dissociation spectrum looses in weight 
and narrows as (1 — a//aj)/(l + k 2 a 2 ) until it disappears 
when af/a,i approaches one. At this point the spectrum 
consists of a delta function for the BB transition between 
molecular states of equal size. 

A very similar behavior of the BB and bound-free (BF) 
parts of the spectrum is expected for a supcrfluid with 
resonant interactions [23j|: for |a/|, |a,| ^> 1/kp the spec- 
trum is reduced to a delta function. Here, the initial state 
is a fermion pair condensate described by the BEC-BCS 
crossover wavefunction jj| [23[ . In contrast to the molec- 
ular case, the spectrum of the superfluid at resonance 
shows a BB peak even for negative values of 1/fc^a/, 
i.e. in a regime where binding is only due to many-body 
effects [23J . The spectra in Fig. @] show that BB tran- 
sitions dominate when |1/ a,) — l/(fcj?a/)| < 1.5 (a 



region that is about a factor of two larger than obtained 
in ref. (23|). We also infer from [23[ that it is much more 
difficult to spectrally resolve BB and BF transitions for 
a system in the unitarity limit if a,f < 0. When one ap- 
proaches resonance for the (1,2) system from the BEC 
side the BF spectrum narrows and smoothly turns into 
a BB dominated spectrum. 

Compared to the (1,2) superfluid, a/ in the (1,3) sys- 
tem is up to three times smaller and positive. This leads, 
both in the molecular model (due to the quadratic de- 
pendence on kpcbf) and in the resonant case (23| . to a 
dramatic change in the dissociation spectrum towards 
the limit of negligible final state interactions. Fits to 
the (1,3) dissociation spectrum both with and without a 
correction factor for final state effects (see Methods) [IcJ 
show negligible differences, indicating the small influence 
of final state interactions. In fact the (1,3) spectra in 
Fig. 0Ja-c) show the absence of final state effects with- 
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out any detailed analysis. The splitting between BB and 
BF parts given by h 2 /ma 2 is considerably larger than 
the width of the BF spectrum (which is approximately 
h 2 /mb 2 ). Therefore the condition aj < b is fulfilled, im- 
plying that final state interactions do not strongly affect 
the dissociation spectrum. 
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